The petH gene, encoding ferredoxin-NADP + oxidoreductase (FNR), was isolated from a thermophilic cyanobacterium, Synechococcus elongatus (the same strain as Thermosynechococcus elongatus). The petH gene of S. elongatus was a single copy gene, and the N-terminal region of PetH showed a sequence similarity to the CpcD-phycobilisome linker polypeptide. The amino acid sequence of the catalytic domains of PetH was markedly similar to those from mesophilic cyanobacterial PetH and higher plant FNR. The enzymatically active FNR protein was purified to homogeneity from S. elongatus as three forms corresponding to the 45-kDa form retaining the CpcD-like domain, the 34-kDa form lacking the CpcD-like domain, and the 78-kDa complex with phycocyanin. The FNR in the 78-kDa complex was tolerant to proteolytic cleavage. However, the dissociation of phycocyanin from the 78-kDa complex induced to specific proteolysis between the CpcD-like domain and the FAD-binding domain to give rise to the 34-kDa form of FNR. The enzymatic activity of the 45-kDa form was thermotolerant, but the 45-kDa form readily aggregated under the storage at -30°°°°C. These results suggest that the association with phycocyanin via CpcD-like domain gives remarkable stability to S. elongatus FNR.
Introduction

Ferredoxin-NADP
+ oxidoreductase (FNR, EC 1.18.1.2.) catalyzes electron transfer from the reduced ferredoxin to NADP + to produce NADPH, and contains FAD at the catalytic site of the enzyme as a prosthetic group. In higher plants, FNR is synthesized in the cytoplasm as a precursor protein of 43 kDa that carries a transit peptide to target the protein into the chloroplast (Grossman et al. 1982) . After the translocation into the chloroplast, the transit peptide portion is proteolytically removed from the precursor protein to produce the mature protein in the chloroplast (Smeekens et al. 1990 ). The mature FNR proteins have been purified from several plants to homogeneity, and the molecular masses of the plant FNR proteins are in a range of 33-36 kDa (Newman and Gray 1988, Pschorn et al. 1988) .
FNR proteins have also been purified from several cyanobacteria with the molecular masses of 31.5-36 kDa, which is close to those of higher plant FNRs, and it has been reported that the biochemical characteristics of the cyanobacterial FNRs are very similar to those of plant FNRs (Hutber et al. 1978 , Masaki et al. 1979 , Koike and Katoh 1980 , Rowell et al. 1981 , Sancho et al. 1988 , Scherer et al. 1988 . The primary structures of cyanobacterial FNR with the FAD-and NADP + -binding domains are remarkably homologous to higher plant FNRs (Serre et al. 1996) . In spite of a similarity in the biochemical characteristics between cyanobacterial FNRs and plant FNRs, three cyanobacterial petH genes from Synechococcus sp. PCC 7002 (Schluchter and Bryant 1992) , Anabaena variabilis PCC 7119 (Fillat et al. 1993) and Synechocystis sp. PCC 6803 (van Thor et al. 1998 ) encode a protein being composed of three domains with a molecular mass of about 45 kDa. The first, Nterminal domain is unique in cyanobacterial FNR and similar to the 9-kDa phycocyanin-associated linker polypeptide CpcD. Two domains at C-terminus correspond to the FAD-and NADP + -binding domains of higher plant FNR protein, which compose the catalytic domains of the enzyme. All of cyanobacterial FNR proteins purified so far are devoid of the CpcD-like domain, and are composed of two C-terminal domains alone, and little is known about the 45-kDa form with CpcD-like domain of FNR in cyanobacteria.
The CpcD phycobilisome linker polypeptide is considered to associate with a core-distal phycocyanin hexamer of the peripheral rods, and to limit the length of a phycobilisome rod (de Lorimier et al. 1990 ). It has been reported that isolated cyanobacterial phycobilisomes contain a polypeptide with molecular masses of approximately 45-50 kDa (Tandeau de Marsac and Cohen-Bazire 1977, Yamanaka et al. 1978) . In Synechococcus sp. PCC 7002 and Synechococcus sp. PCC 7942, such proteins have been shown to be FNR by the crossreaction with antibodies against spinach FNR and by an N-terminal sequence analysis of these peptides (Schluchter and Bryant 1992) . The N-terminal domain of cyanobacterial FNR is suggested to function as an anchor of FNR on phycobilisome based upon the deduced primary structure, and speculated to locate FNR close to the acceptor side of PSI complex (Schluchter and Bryant 1992) . However, in spite of the sequence similarity of the N-terminal domain of cyanobacterial FNR to the CpcD linker polypeptide, there are controversies about the location of cyanobacterial FNR. It has been proposed that FNR binds to core-proximal phycocyanin hexamer in phycobilisome, but does not replace CpcD in the core-distal phycocyanin hexamer (van Thor et al. 1999) . Recently, it has been reported that FNR may associate with thylakoid membrane via, CpcD-like domain (van Thor et al. 2000) .
It was suggested that the location of cyanobacterial FNR on phycobilisome and/or thylakoid membrane contributed to the salt-shock inducible cyclic electron flow (van Thor et al. 2000) . However, little is known about the biochemical characteristics of the CpcD-like domain of cyanobacterial FNR because of the difficulty in handling of FNR retaining CpcDlike domain in vitro. Since the CpcD-like domain of cyanobcterial FNRs contains a large number of positively charged amino acids, the domain may prevent the catalytic domains (FADand NADP-binding domains) of FNR from interacting with its electron transfer partner. The association of FNR with the phycobilisome rod via the CpcD-like domain may be indispensable for the preferential interaction of FNR with its electron transfer partner.
In this study, novel forms of cyanobacterial FNR proteins, corresponding to the complete form with the CpcD-like domain and the complete form associating with phycocyanin, was purified from a thermophilic cyanobacterium, Synechococcus elongatus. This is the first report of the purification and characterization of cyanobacterial FNR protein in a form retaining the CpcD-like domain and a form associating with phycocyanin. The influence of the association with phycocyanin on the stability of the complete form of FNR is reported. Samples corresponding to 20 mU protein were loaded onto lanes 11-13 for immunoblot analysis with antisera raised against radish leaf FNR. Lanes 2 and 11, crude extract of S. elongatus cells; lanes 3 and 12, 30-40% ammonium sulfate fraction; lanes 4 and 13, the sample after DEAEcellulose; lane 5, the sample after TOYOPEARL HW50S; lane 6, the sample after hydroxyapatite; lane 7, the sample after Superose 12 following hydroxyapatite; lane 8, the 78-kDa complex after mono Q following TOYOPEARL HW50S; lane 9, the 78-kDa complex after Superose 12 following mono Q; lanes 1 and 10, molecular size markers. 
Results
Purification of the 45-kDa form of FNR The S. elongatus FNR with a molecular mass of 45 kDa was observed in the crude extract (Fig. 1, lane 11) by immunoblotting using antisera raised against radish leaf FNR, and the 45-kDa form was purified by salting-out with ammonium sulfate and DEAE-cellulose chromatography (Fig. 1, lanes 4 and  13) . The FNR fraction after TOYOPEARL HW50S gel filtration chromatography was dark-blue in color, indicating that a large amount of phycobiliproteins was contained in the fraction. SDS-PAGE (Fig. 1, lanes 2-5) showed some strong bands around 20-15 kDa. Phycobiliproteins were removed from the FNR fraction by hydroxyapatite chromatography and Superose 12 gel filtration chromatography, and FNR was purified in a form of 45 kDa as a single band on SDS-PAGE (Fig. 1, lane 7) . The relative activity of S. elongatus FNR increased by ca. nintyfold during the purification (Table 1 ). The molecular mass of completely purified FNR was ca. 50 kDa on Superose 12 gel filtration chromatography (data not shown). Although phycobiliproteins (20-17 kDa bands) in the final fraction were not observed on SDS-PAGE (Fig. 1, lane 7) , the absorption spectrum showed a maximum at 615 nm as well as FNR specific maxima at 457 and 387 nm, indicating that a small amount of phycobiliproteins was contained in the final fraction ( Fig. 2 , panel A). The N-terminal amino acid sequence of the 45-kDa form was MYNATNSR, which was identical with that deduced from S. elongatus petH gene (see below).
Purification of the 78-kDa complex associating with phycocyanin
The molecular mass of S. elongatus FNR in the fraction after DEAE-cellulose chromatography was 78-kDa on TOYO-PEARL HW50S gel filtration chromatography (data not shown), implying that the 45-kDa form of FNR associated with phycobiliproteins based upon the suggestion that cyanobacterial FNR was bound to the phycobilisome rod via the CpcDlike domain (Schluchter and Bryant 1992, van Thor et al. 1999) . The complex with molecular mass of 78 kDa was purified by repetitive mono Q chromatography. The molecular mass of FNR after mono Q chromatography was ca. 78 kDa on Superose 12 gel filtration chromatography, and the elution position of FNR was overlapped with that of phycobiliproteins (Fig. 3) . On SDS-PAGE, three main bands at the position of 45, 20, 17 kDa with some minor bands between 20 and 17 kDa bands were observed in the FNR fraction after Superose 12 gel filtration chromatography (Fig. 1, lane 9) . On native-PAGE, on the other hand, two blue bands were observed and only the major band cross-reacted with antisera raised against radish leaf FNR (Fig. 4) . The absorption spectrum of the FNR fraction after the gel filtration chromatography showed maxima at 615, 367 and 278 nm (Fig. 2, panel B) , indicating the association of the 45-kDa form with phycocyanin. In this fraction, the absorption spectrum due to FAD around 460 nm was not observed because of the large absorbance of phycocyanin.
Purification of the 34-kDa form of FNR
Two immunoreactive proteins with molecular masses of 45 kDa and 34 kDa were observed in the crude extract of S. elongatus as shown in Fig. 1, lane 11 , and the 45-kDa form was more strongly reacted with the antisera than the 34 kDa form. The 45-kDa form of FNR was precipitated at 40% ammonium sulfate saturation, but the 34-kDa form was not precipitated at 40% saturation (Fig. 1, lane 12) . When phycobiliproteins were removed from the FNR fraction by hydroxyapatite chromatography, FNR was proteolytically cleaved at the specific site to give rise to the 34-kDa form (Fig. 5, lane 2) , and after the Superose 12 gel filtration chromatography, all the 45-kDa form was converted to the 34-kDa form (Fig. 5, lane 3) . The 34-kDa form showed the DCPIP reduction activity, and the cleavage of the 45-kDa form was suppressed by the addition of protease inhibitors (Protease Inhibitors Set, Roche, data not shown). Thus, S. elongatus FNR was considered to be specifically Fig. 3 Chromatographic profiles of S. elongatus FNR of the 78-kDa complex on Superose 12 gel filtration chromatography. S. elongatus FNR after mono Q chromatography was subjected to Superose 12 gel filtration chromatography. FNR and phycobiliproteins were monitored by DCPIP reduction activity (closed circle) and absorbance at 615 nm (closed diamond), respectively. The heat stability of the 45-kDa form and the 78-kDa complex of S. elongatus FNR The 45-kDa form and the 78-kDa complex of S. elongatus FNR showed the DCPIP reduction activity at 25°C ( Table 2 ). The DCPIP reduction activity of both forms of S. elongatus FNR at 52°C was about threefold higher than those at 25°C.
The DCPIP reduction activity of S. elongatus FNR was considered to be independent of the association with phycocyanin; when the same activity unit of the 45-kDa form and 78-kDa complex was applied to SDS-PAGE, the density of band corresponding to FNR was almost identical (Fig. 1) . The behavior of FNR purified from a mesophilic cyanobacterium, Spirulina platensis, resembled that of S. elongatus FNR with respect to the assay temperature dependency of the activity (Table 2) .
Both forms of S. elongatus FNRs were stable against incubation at 70°C for 5 min, but the DCPIP reduction activity decreased to 40% after incubation at 80°C, and no activity was remained after the treatment at 85°C (Fig. 6) . The DCPIP reduction activity of S. platensis FNR was mostly lost after incubation over 65°C for 5 min (Fig. 6) .
The DCPIP reduction activity of the 45-kDa form of S. elongatus FNR was diminished by about a half after storage at -30°C for 1 week. The absorption maximum at 457 nm and the shoulder at 490 nm in the spectrum of the 45-kDa form became unsharpened and the baseline of the spectrum of the sample increased after storage at -30°C for 1 week, indicating the for- platensis FNR (closed triangle). Samples were incubated at specified temperatures for 5 min, and the remained DCPIP reduction activity was measured at 52°C. Each value and error bar represent the mean of three measurements and standard deviations, respectively. One hundred percent activity of the 45-kDa form, the 78-kDa complex and S. platensis FNR corresponded to 2.9, 1.2 and 15 U ml -1 , respectively. Fig. 1, lane 7. b The sample shown in Fig. 1, lane 9. c The sample purified as described previously (Wada et al. 1983 mation of molecular aggregates (data not shown). The 78-kDa form associating with phycocyanin did not show any changes in the activity and in the absorption spectrum during the same storage conditions.
Cloning and sequencing of S. elongatus petH gene
The nucleotide sequence and its deduced amino acid sequence of S. elongatus petH gene are shown in Fig. 7 . The petH gene encoded a protein of 386 amino acids with a molecular mass of 43,415 Da. Fig. 8 shows a comparison of the deduced amino acid sequence of S. elongatus FNR with those of three mesophilic cyanobacterial FNRs and three higher plant FNRs. The sequence of S. elongatus FNR showed 60-72% identities with three mesophilic cyanobacterial FNRs and 45-52% identities with three higher plant FNRs except for the transit peptide regions. No feature contributing to the thermophilic properties was found on the amino acid sequence deduced from S. elongatus petH gene.
The N-terminal domain of S. elongatus FNR showed a significant similarity to CpcD phycobilisome linker polypeptides of S. elongatus and some mesophilic cyanobacteria (Fig.  9) as previously noted for the petH gene products (Schluchter and Bryant 1992 , Fillat et al. 1993 , van Thor et al. 1998 . The N-terminal and C-terminal domains of S. elongatus FNR, which corresponded to the CpcD-like domain, and the FADand NADP + -binding domains, respectively, showed a significant similarity to those of mesophilic cyanobacterial FNRs, whereas the hinge region between the CpcD-like domain and the FAD-binding domain was not conserved (Fig. 8) . The calculated pI values for the full-length petH gene product with CpcD-like domain, and the truncated petH without the CpcDlike domain were 7.06 and 5.30, respectively.
Genomic Southern hybridization analysis indicated that the petH gene was a single copy gene in this cyanobacterial genome and that the gene was encoded on a SacI fragment of approximately 4.4 kb (data not shown).
Discussion
FNR protein was purified as three different forms from a thermophilic cyanobacterium, S. elongatus, though S. elongatus petH gene was a single copy gene. Many trial experiments have been carried out to purify FNR from cyanobacteria but no one has succeeded to purify a full-length FNR corresponding to petH gene product. In this study we could purify the 45-kDa form of FNR for the first time (Fig. 1) . However, the 45-kDa form aggregated and lowered the activity under storage for a week at low temperature. As this 45-kDa form of FNR bears the CpcD-like domain at the N-terminus, the form is apt to associate with phycocyanin. Thus, the 78-kDa complex was purified, which was a complex of the 45-kDa form with phycocyanin (Fig. 1, 4) . As shown in Fig. 6 , both the 45-kDa form and the 78-kDa complex were tolerant against high temperature treatment for 5 min (Fig. 6) . Further, this 78-kDa complex was more stable in the low temperature storage than the 45-kDa form. The CpcD-like domain contributes to making aggregates, and masking of the CpcD-like domain by phycocyanin may prevent aggregates from forming, due to non-specific interaction between the CpcD-like domain and the catalytic domains. It should be noted that the calculated pI of the CpcDlike domain of S. elongatus FNR was 10.26, implying the electrostatic interaction between the CpcD-like domain and the catalytic domains. On the other hand, the 45-kDa form of FNR is easily attacked by the endogeneous protease(s) to make the 34-kDa form (Fig. 5) , which has been recognized as the entity of cyanobacterial FNR for several decades. Koike and Katoh (1980) and Yao et al. (unpublished data) have purified FNR without the CpcD-like domain from S. elongatus. The catalytic behavior of the 34-kDa form reported by Koike and Katoh was almost identical with those of the 45-kDa form and the 78-kDa complex.
S. elongatus FNR with molecular mass of 45-kDa, a dominant form in the crude extract, was associating with phycocyanin. The fact obtained in S. elongatus, as well as in other mesophilic cyanobacteria, implicates that most of the 45-kDa form of FNR binds to phycobilisome. The 45-kDa form of FNR was precipitated at 40% ammonium sulfate saturation, which was lower than those for cyanobacterial FNRs reported so far (Wada et al. 1987) . The 34-kDa form, observed in the crude extract, was precipitated at relatively higher ammonium sulfate saturation than the 45-kDa form. The difference of the 78-kDa form in the size and surface charges from the 45-kDa form leads to precipitation of the 78-kDa complex at relatively low ammonium sulfate saturation compared with the 34-kDa form.
The 34-kDa form lacking the CpcD-like domain was purified as a product of proteolytic cleavage of the 45-kDa form. It is not elucidated yet whether the 34 kDa form of FNR, observed in the crude extract, emerges after disruption of S. elongatus cells or naturally exists in the living cells. N-terminal amino acid sequence of S. elongatus FNR lacking CpcD-like domain was KEKKVDIPXNI (Yao et al., unpublished data) , which corresponded to position 90 to 100 of the deduced amino acid sequence from petH gene (Fig. 7) . The regions connecting the CpcD-like domain with the C-terminal catalytic domain of cyanobacterial FNRs, reported so far (Schluchter and Bryant 1992 , Fillat et al. 1993 , van Thor et al. 1998 , were hydrophilic and rich in residues of P, E/D, S, T, Q/K, G, A, and considered to have no secondary structures. These features are typical for a Fig. 8 Comparison of the deduced amino acid sequences of the FNRs of S. elongatus, Spirulina sp. (Yao et al. 1984) , Anabaena sp. PCC 7119, Synechococcus sp. PCC 7002, spinach leaf-type (Jansen et al. 1988) , rice leaf-type ) and rice root-type . The amino acid sequence of Spirulina sp. FNR was determined from purified protein by amino acid sequencing. The alignment was carried out by Clustal W (Higgins et al. 1996) . "*" represents the identical amino acid. ":" and "." represent the strongly and weakly conserved amino acids with respect to the higher-order structure of proteins, respectively.
PEST site, which may be the target site for proteolytic cleavages of proteins (Rogers et al. 1986) . Although the connecting region of S. elongatus FNR was hydrophobic, the region contained A and P in abundance, and we did not find any secondary structures for the connecting region (Fig. 8) . The connecting region of S. elongatus FNR is considered to be the region easily attacked by protease(s).
It has been reported that FNR with the CpcD-like domain of mesophilic cyanobacteria was observed in the crude extract, and in part bound to thylakoid membrane (van Thor et al. 2000) . In Synechococcus sp. PCC 7002, FNR with the CpcD-like domain in the crude extract is gradually decreased during storage (Schluchter and Bryant 1992) , and the deduced amino acid sequence of S. elongatus FNR was quite similar to those of mesophilic cyanobacterial FNRs (Fig. 8, 9) . Thus, the propensity of the 45-kDa form for aggregation and/or association with phycocyanin may be a common feature in cyanobacterial FNRs, although the association of mesophilic cyanobacterial FNRs with phycocyanin may be weaker than that of S. elongatus FNR.
The physiological significance of the CpcD-like domain in cyanobacterial FNRs and interaction with phycobilisome with relation to the electron flow around thylakoid membrane are a significant interest to be elucidated by future studies.
Materials and Methods
Culture of S. elongatus
The thermophilic unicellular cyanobacterium S. elongatus (the same strain as Thermosynechococcus elongatus, Katoh et al. 2001) was generously granted from Dr. Hirano of Toray Co. Ltd., and grown semicontinuously and aseptically at 52°C in the inorganic medium under the light intensity of 100 mE m -2 s -1 as essentially described by Katoh (1988) . The culture was continuously bubbled by air containing 5% (v/v) CO 2 . Cells were harvested by centrifugation at the lateexponential growth phase and stored at -80°C until use.
Purification of the 45-kDa form of FNR protein
The FNR protein was purified essentially as described by Koike and Katoh (1980) and Wada et al. (1983) . Cells (170 g) of S. elongatus were suspended in buffer A (50 mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.1 mM PMSF, 0.1 mM 2-mercaptoethanol), and then disrupted by sonication for 10 min, followed by two treatments with chilled 80% acetone. Proteins were extracted from the acetone-treated cells with buffer A at 4°C overnight with continuous stirring. After centrifugation at 38,000´g, the supernatant was fractionated by salting-out with ammonium sulfate (30-40% saturation). The precipitates were dissolved in buffer B (20 mM Tris-HCl, pH 8.0, 1 mM EDTA). After extensive dialysis against buffer B, the dialysate was applied to a DEAE-cellulose column (2.5´25 cm) equilibrated with buffer B. Proteins were eluted with a linear gradient system of 50-400 mM NaCl.
Fractions showing DCPIP reduction activity were collected, and then applied to a TOYOPEARL HW50S column (2.5´70 cm) equilibrated with 20 mM Tris-HCl, pH 8.0, 200 mM NaCl and 1 mM EDTA. The active fractions were collected and dialyzed against 10 mM potassium phosphate buffer (pH 7.0). The sample was applied to a hydroxyapatite column (1.5´3.0 cm) equilibrated with 10 mM potassium phosphate buffer (pH 7.0). The hydroxyapatite column was washed with 20 mM potassium phosphate buffer, and then the adsorbed proteins were eluted with a linear gradient system of 20-300 mM potassium phosphate buffer. FNR was further purified by Superose 12 gel filtration chromatography with 20 mM Tris-HCl, pH 8.0, 200 mM NaCl, 1 mM EDTA.
Purification of the 78-kDa complex of FNR with phycocyanin
The FNR fraction after TOYOPEARL HW50S gel filtration chromatography was applied to a mono Q column (0.5´5.0 cm, Amersham) equilibrated with 20 mM Tris-HCl, pH 8.0. The column was washed with 40 mM NaCl, 20 mM Tris-HCl, pH 8.0, and then the adsorbed proteins were eluted with a linear gradient system of 40 to 380 mM NaCl. The FNR fractions were collected, and subjected to mono Q chromatography again. To remove free phycobiliproteins, mono Q chromatography was carried out three times in total. The FNR fraction after mono Q chromatography was subjected to Superose 12 gel filtration chromatography with 20 mM Tris-HCl, pH 8.0, 200 mM NaCl, 1 mM EDTA.
Assay for FNR activity
The diaphorase activity of FNR was measured by the reduction of DCPIP described by Jin et al. (1994) . An extinction coefficient of 22 mM -1 cm -1 at 600 nm was used to calculate DCPIP reduction rate.
Heat stability assay Samples (20 ml) of the 45-kDa form and the 78-kDa form in 20 mM Tris-HCl, pH 8.0 containing 200 mM NaCl and 1 mM EDTA after Superose 12 gel filtration chromatography were dispensed into 1.5 ml plastic tubes. The tubes were sealed with plastic film and incubated for 5 min in water bath at specified temperatures. After incubation, the samples were chilled on ice for a few min , and subsequently the residual activity of FNR was measured by the DCPIP reduction assay at 52°C. FNR from mesophilic cyanobacterium, Spirulina platensis (Wada et al. 1983 ) was used as a control. Fig. 9 Comparison of the deduced amino acid sequences of the CpcD-like domain of S. elongatus FNR with CpcD linker polypeptides of S. elongatus (unpublished, accession number D13173), Synechococcus sp. PCC 7002 (de Lorimier et al. 1990 ) and Synechoccystis sp. PCC 6803 (Kaneko et al. 1996) . Marks under sequences were the same as Fig. 8 .
Analytical techniques
SDS-PAGE was carried out according to the method of Laemmli (1970) , except that the acrylamide concentration was 15%. Proteins were stained using Silver Stain Plus (BIO-RAD) or Coomassie brilliant blue R-250. Native-PAGE gel was prepared as followed; for separating gel, 7.5% of acrylamide, 142.5 mM Tris-HCl, pH 9.0, and for stacking gel, 3.75% acrylamide, 58.6 mM Tris-HCl, pH 6.8. After electrophoresis, the native-PAGE gel was analyzed without any staining to detect pigment proteins. For immunoblot analysis, the proteins were transferred electrophoretically to PVDF membrane and incubated with antibodies raised against radish leaf FNR. Bound antibodies were visualized with protein A-conjugated horseradish peroxidase and ECL Western blotting detection reagents (Amersham). Protein concentration was determined by the method of Bradford (1976) using BSA as a standard protein. N-terminal amino acid sequencing was performed using a protein sequencer Model 476A (Applied Biosystems).
Cloning of S. elongatus petH gene
Plasmid preparation, restriction enzyme digestion, and ligation were performed as described by Sambrook et al. (1989) . DNA/DNA hybridization was carried out as described by manufacture's protocol of ECL direct nucleic acid labeling and detection system (Amersham). E. coli strain DH10B was used as host cell for cloning.
The DNA fragment was amplified by PCR with genomic DNA from S. elongatus as the template and the degenerate oligonucleotide primers 5¢-CA(CT)GGIGA(CT)TT(CT)GTIGA(CT)GA(CT)AA-3¢ and 5¢-TCCCA(AG)AT(CT)TC(AG)TCIGC(AG)TG(CT)TC-3¢, which were designed from the partial amino acid sequences of S. elongatus FNR protein, HGDFVDDK and EHADEIWE, respectively (Yao et al. unpublished data) . SacI digested genomic DNA fragments of approximately 4.4 kb were inserted into SacI site of pUC19 to construct a partial genomic library of S. elongatus. About 1,000 colonies of the partial genomic library were lifted onto Nytran-plus membranefilter (Schleicher & Schuell) and one positive colony was obtained by hybridization with the 480 bp screening probe. A 1.4 kb region containing the petH gene in the SacI 4.4 kb fragment was sequenced. DNA sequencing was performed by the dideoxy chain-termination method using Thermo Sequenase fluorescent labeled primer cycle sequencing kit with 7-deaza-dGTP (Amersham) and an automatic DNA sequencer (Hitachi SQ-5500 DNA sequencer, Hitachi).
